Thermoplastic resin clasps have been used for esthetic denture rehabilitation. However, details of the design of the clasps have never been thoroughly clarified. This study investigated the retentive forces of thermoplastic resin clasps for non-metal clasp dentures. The retentive forces of all thermoplastic resin clasps depended on the elastic modulus of each resin, undercuts, thickness, and widths of the tested. A clasp with more than 0.5 mm undercut and 1.0 mm thickness is needed for Valplast. Similarly, more than 0.25 mm undercut and 1.0 mm thickness and 0.5 mm undercut and 0.5 mm thickness are required for Estheshot and Reigning, respectively; thus, the recommended clasp arm thickness is 1.0 mm to 1.5 mm for Valplast and Estheshot and 0.5 mm to 1.0 mm for Reigning when the width of the retentive arm is 5.0 mm.
INTRODUCTION
Patients frequently object to the placement of a metal clasp if it is a visible part of removable partial dentures (RPDs). The desirability of a clasp increases if it is made of flexible thermoplastic resins rather than metal [1] [2] [3] . Adequate retention and bracing could be obtained by extending a part of the denture base to the undercut area of the abutment tooth and gingiva.
A large number of thermoplastic resins have been developed for the construction of a "nonmetal clasp denture", mainly to achieve anterior retention that satisfies esthetic requirements. The stability of nonmetal clasp dentures can be improved by adding a metal rest or framework to this denture. As far as we know, all manufacturers of thermoplastic resins and laboratories of nonmetal clasp dentures have recommended the original denture design, including the resin clasp design, from an independent standpoint; this issue has never been clarified from a scientific point of view.
Recently, the material characteristics of more than 10 thermoplastic resins, among them polyamides, polycarbonates, and polyethylene terephthalate (PET), have been evaluated in vitro by many researchers. Takahashi et al. 4) compared the elastic modulus of four thermoplastic resins to that of polymethyl methacrylate (PMMA) resin. The elastic modulus of polycarbonate and PET was two-thirds of that of PMMA, and that of polyamide and acetal was one-third of that of PMMA. Takabayashi 5) also evaluated the mechanical and physical properties, such as the water sorption, solubility, flexural strength, elastic modulus, tensile strength, and color stability, of six thermoplastic resins. Hamanaka et al. 6) measured the mechanical properties of four injection-molded thermoplastic denture base resins according to ISO 1567. All of the injection-molded thermoplastic resins had significantly lower flexural strengths and elastic modulus and impact strength than or similar to that of the conventional PMMA. They had a low elastic modulus and were easily manipulated. These materials make it possible for larger undercuts to be used for retention than is the case with acrylic resin.
Although the material characteristics of thermoplastic resins have been clarified in vitro, the clinical indications and details of the design of nonmetal clasp dentures are still unknown. Unresolved clinical problems, including the failure of resin clasps, have been frequently encountered in the practice with the use of non-metal clasp dentures. In Japan, the use of non-metal clasp dentures with resin clasps has widely increased in recent years as a result of the PatientOriented System.
Since a non-metal clasp denture is aesthetically acceptable, comfortable to wear, and non-metal allergenic 7) , it is superior to conventional clasp dentures. However, non-metal clasp dentures may be overprescribed regardless of the clinical indications. Non-metal clasp dentures greatly deviating from the principle designs of RPDs have been frequently observed in partially edentulous patients. As a result, a non-metal clasp denture may function poorly or cause critical damage to tissue. To obtain tooth support and bracing, non-metal clasp dentures having a metal rest or framework have been fabricated as conventional clasp denture designs 8) . Hirota et al. 8) and Yoda et al. 9) investigated the effectiveness of the metal rest in non-metal clasp dentures. Yoda et al. 9) indicated that the load exerted on the residual ridge with a non-metal clasp denture is potentially more excessive than that with a conventional Influence of thickness and undercut of thermoplastic resin clasps on retentive force removable partial denture. Hirota et al. 8) indicated that a metal rest should be used for non-metal clasp dentures to decrease pressure on soft tissue. However, as their experiments were performed for rectangle test specimen that was not clasp form, details of the design of the resin clasp in RPDs, such as the width, thickness, and amount of undercut, to achieve appropriate retention and prevent clasp failure are not fully known.
The aim of this study was, therefore, to investigate thermoplastic resin clasp designs for non-metal clasp dentures. Using three thermoplastic resins, the relationship among the resin clasp designs, clasp accuracy, and retentive forces under repeated loads up to 10,000 was prosthetically evaluated in vitro. It is not clear that what number of thermal cycles is suitable for clinical use. We speculated that the insertion/removal of thermoplastic resin has been performed three times in a day and that durability of thermoplastic resins would be about ten years. As a result, we set up 10,000 thermal cycles in this insertion removal test. Table 1 .
MATERIALS AND METHODS

Thermoplastic resins
Specimen fabrication
An 18-8 stainless steel die simulating the first molar (diameter: 10.0 mm; height: 8.0 mm; radius of curvature: 7.5 mm) was prepared. After impressions of the die were made, a working cast was fabricated with hardened plaster (Fuji-Rock, GC Corp., Tokyo, Japan), and the clasp pattern was waxed using sheet gage wax (Sheet Wax, GC Corp.). As shown in Fig. 1 , thermoplastic resin clasps with a 5.0 mm-wide retentive arm and a 2.0 mmthick clasp body were designed according to the customary procedures. The thicknesses of the retentive arms were varied (0.5, 1.0, 1.5, and 2.0 mm), and three undercuts (0.25, 0.5, and 0.75 mm) were specified. Following the manufacturer's instructions, each thermoplastic resin was injected using an air-pressure injection system (MIS-II, i-CAST, Tokyo, Japan) under 1.0 MPa injection conditions, i.e., heating temperature, heating time, and injection pressure; the flask temperature is shown in Table 2 . After deflasked and finished, all specimens were stored in distilled water at 37±2°C using an incubator for 48 h. Five clasps were fabricated per condition; a total of 180 clasps were prepared. 
Flexural test
The testing of the flexural properties was performed in accordance with ISO standard 1567: 2005 10) . Six rectangular specimens (64×10×2.5 mm) were fabricated and wet-polished using 600-grit waterproof abrasive paper. After being stored for 50±2 h in 37±2°C distilled water, each specimen was mounted on a universal testing machine (Instron 5565, Instron Japan, Kawasaki, Japan), and the load at deflection and fracture of specimens was recorded by applying the load. Threepoint bending tests (50 mm distance) were carried out at a crosshead speed of 5 mm/min. The formulas found in the ISO standard were used to calculate the flexural strength and elastic modulus:
Elastic modulus (E)=FL³/4ybd³ Flexural strength (S)=3PL/2bd² F: load; L: length; y: deflection; P: the maximum load value was used for testing the flexural strength of the thermoplastic resins; b: width of specimens; d: thickness of specimens
Measurements of accuracy
Using an insertion/removal testing apparatus 11) designed at the Tsurumi University School of Dental Medicine (JM 100, Japan Mec., Tokyo, Japan), shown in Fig. 2 , clasps were subjected to a repeated insertion/removal motion (crosshead speed: 850 mm/min) up to 10,000 cycles in distilled water at 37±2°C. The gap distance between the tip of the retentive arm and the die and that between the clasp shoulder and the die before and after the repeated insertion/removal motion were measured using the silicone film method according to a previous study [11] [12] [13] . White high-viscosity silicone impression material (Fit-checker, GC Corp.) was mixed (base:catalyst=6:1) and amply applied on the internal surface of the clasp, and the clasp was then placed on the die. After the clasp was held for 3 min under a constant load of 9.8 N, it was removed from the die, and the black silicone material (Bite-checker, GC Corp.) was then mixed (base:catalyst=6:1) and poured inside the white silicone material of each clasp. The two combined silicone materials were removed from the clasp after 3 min. Each silicone block material was sectioned with a razor blade buccolingually at 1.0 mm from the end of the clasp tip and clasp body. To check the accuracy of the clasp, the white silicone layer at the sections was measured using a profile projector (V-16E, Nikon, Tokyo, Japan) at a magnification of ×50.
Measurement of retentive force
The retentive force (N) of each resin clasp was measured using a tensile test apparatus (EZ-S, Shimadzu, Kyoto, Japan) at a crosshead speed of 50 mm/min and evaluated as the tensile force obtained when the clasp was separated from the die.
The initial retentive force was determined for the average of the retentive force during the first 10 insertion/removal cycles. The changes of retentive forces were measured during repeated insertion/removal motion up to 10,000 cycles. The averages of the retentive 
Statistical analysis
The data of the retentive forces and accuracy were analyzed with the SPSS statistical package (Version 12.0, SPSS, Inc., Tokyo, Japan) by one-way ANOVA and Tukey's multiple comparison test at a significance level of α=0.05.
RESULTS
Flexural properties
The elastic modulus of three thermoplastic denture base resins is shown in Table 3 . REI had a significantly higher elastic modulus (4,659 MPa) than EST (2,826 MPa) and VAL (826 MPa) (p<0.05). The elastic modulus of VAL was extremely low, one-sixth of that of REI and one-third of that of EST. Table 3 shows the flexural strengths of three thermoplastic resins. REI had the highest flexural strength (95 MPa), followed by EST (84 MPa) and VAL (38 MPa). As in the case of the elastic modulus, VAL showed the lowest strength of the three (p<0.05).
Accuracy of clasps
The gap distances between the resin clasp and the die at the clasp shoulder and the tip of the retentive clasp before and after 10,000 repeated insertion/ removal cycles are shown in Table 4a , b. There were no significant differences of gap distances among the three thermoplastic resin tested for before 10,000 repeated insertion/removal cycles (p<0.05) as shown in Table 4a .
In the case of EST before 10,000 cycles, the increase in gap distances for tip of the retentive clasp was recognized with a thickness of 0.5 mm, 1.0 mm, and 1.5 mm, and the increase in the gap distance for shoulder of the retentive clasp was observed with 2.0 mm thickness according to the increase of the amount of undercuts. After 10,000 cycles, gap distance of EST could not be measured because of all sample fractures during insertion/removal cycles. In the case of VAL before 10,000 cycles, the increase in gap distances for tip of the retentive clasp was recognized with a thickness Horizontal brackets indicate groups that are not significantly different (p>0.05).
The initial retentive forces of all specimens ranged widely between 2.5 N and 61 N. The retentive forces of all thermoplastic resins proportionally increased as the number of undercuts and clasp thickness increased. As in the case of the elastic modulus, REI had significantly greater retentive force than EST and VAL (p<0.05). a b c of 2.0 mm, and the increase in the gap distance for shoulder of the retentive clasp was observed with 1.0 and 2.0 mm thickness according to the increase of the amount of undercuts. In the case of VAL after 10,000 cycles, no sample fracture was observed. The decrease in gap distances for shoulder of the retentive clasp was recognized with a thickness of 1.0 mm according to the increase of the amount of undercuts. Regarding REI before 10,000 cycles, the decrease in gap distances for tip of the retentive clasp was recognized with a thickness of 1.0 mm, and the decrease in the gap distance for shoulder of the retentive clasp was observed with 1.5 and 2.0 mm thickness according to the increase of the amount of undercuts. After 10,000 cycles, 44 REI samples in 60 samples fractured. The gap distance of 16 REI samples after 10,000 insertion/removal cycles could be measured as shown in Table 4b . The decrease in the gap distance for tip of the retentive clasp was identified with a thickness of 1.5 mm, and increase in the gap distance for shoulder of the retentive clasp was observed with 1.5 and 2.0 mm thickness for only 0.25 mm undercut. In VAL, there were no significant differences of accuracy of clasp fitness of retentive clasp before and after 10,000 repeated insertion/removal cycles (p>0.05). Regardless of the number of undercuts, gap distances of 20-60 μm and 80-160 μm were observed in the clasp tip and clasp shoulder, respectively. Regarding VAL, we confirmed the accuracy did not change after 10,000 repeated insertion/removal cycles. Figures 3a, 3b and 3c show the initial retentive force of each undercut and three thermoplastic resin clasps. The initial retentive forces of all specimens ranged widely between 2.5 N and 61 N. The retentive forces of all thermoplastic resins proportionally increased as the number of undercuts and clasp thickness increased. As in the case of the elastic modulus, REI had significantly greater retentive force than EST and VAL (p<0.05).
Initial retentive forces
Changes of retentive forces
Figures 4a-c, 4d-f and 4g-i show the change of the retentive forces of each resin clasp. Because most EST clasps failed in the initial cycles in this study, the changes of the retentive forces could not be evaluated by insertion/removal cycles. Except for those with 2.0 mm thickness, VAL clasps of all amounts of undercut maintained constant retentive forces. Figure 5 shows the clasp failure. The numbers of Table 5 . There were no failures of VAL clasps of any undercuts up to 10,000 insertion/removal cycles. On the other hand, most EST clasps failed with undercuts in fewer than 1,000 to 2,000 insertion/removal cycles, while REI clasps with a 0.75 mm undercut failed with 2,000 to 6,000 insertion/removal cycles and those with 0.5 mm thickness with undercuts failed within 3,000 cycles.
Clasp failures
DISCUSSION
The purpose of this research is for clarifying the design of each thermoplastic resin clasp. There are few reports of durability of thermoplastic resin clasp by evaluating insertion/removal behaviors. Most of the studies related with the mechanical properties of thermoplastic resin clasp were performed according to normal bending and/ or tensile strength measurement. In the present study, the clasp accuracy and the retentive force of each clasp design were investigated under simulated denture insertion and removal motion. Because the retentive forces were, directly depended on the elastic modulus, the thermoplastic resins used in this study were selected in the various flexible resins, such as, EST, VAL, and REI were chosen from polyethylene terephthalate, polyamide, and polycarbonate resins, respectively.
The reason why selecting three thermoplastic resin was these three types of resin clasp, polyethylene terephthalate resin, polyamide resin and polycarbonate resin, are now commonly used in a present dental clinics. And, these three kinds of thermoplastic resins have different elastic modulus. It is speculated that retentive forces of the thermoplastic resin clasp were influenced by their elastic modulus. Thus, three thermoplastic resins with wide varieties of elastic modulus were selected.
All present thermoplastic resin clasps had suitable accuracy (clasp tip: 20-60 μm; clasp shoulder: 80-160 μm); the values were close to those reported by Kanki 12) (clasp tip: 61-90 μm; clasp shoulder: 121-150 μm). It is well known that the thermo-shrinkage of polyamide is the greatest in dentures made with thermoplastic resins. Polyamide has been fabricated using a working cast made with expansion gypsum to compensate for thermoshrinkage. Parvizi et al. 14) and Pronych et al. 15) described the accuracy of the injected denture base using the simulated residual ridge model; polyamide fabricated using a working cast made with non-expansion gypsum showed greater gap distance than polycarbonate and PET dentures, depending on their thermo-shrinkage ratio.
In this study, the VAL clasp had similar gap distances of both the clasp tip and clap shoulder to EST and REI. No manufacturer's information of the fabrication method used for VAL dentures is available. Thus, the VAL clasp was fabricated on a working cast made with non-expansion gypsum, similarly to the fabrication procedures of EST and REI in this study. Since the resin clasps could fit well on the tooth model due to their great flexibility even if the clasp arm shrank, the VAL clasp indicated similar accuracies of EST and REI in this study. The effect of the fabrication of the VAL clasp made with expansion gypsum should be further investigated.
When the mechanical properties of three kinds of thermoplastic resin materials were compared with the relation of their initial retentive force, the more the elastic modulus and flexural strength increased, the more the initial force increased, and the greater correlation there was. According to the formula of cantilever deflection, the retentive forces of the clasps are generally determined by the clasp arm length and geometrical moment of inertia, the amount of the undercut of the abutment tooth, and the elastic modulus of the materials used. Takabayashi 5) measured the elastic modulus of six thermoplastic resins: three polyamides (Valplast, Lusitone, and Flexite), a PET (Estheshot), and two polycarbonates (Reining and Jetcarbo); PMMA resin was used as a control. The elastic modulus of the PET, polycarbonates, and PMMA ranged between 2,700 MPa and 3,100 MPa; there were no significant differences among them 5) . In the present study, polycarbonate (REI) indicated a greater elastic modulus than it did in a previous study 5) . The retentive forces of REI were higher than those of EST. Polyamides had the lowest elastic modulus of the thermoplastic resins used for dentures, Valplast in particular; the retentive forces of VAL had an extremely low value. Generally, the retentive force of a prosthesis must be at least 20 N. In a prosthesis with two to four retentive clasps, approximately 5 to 10 N would be required for each clasp 16, 17) . Regarding the retentive forces, 0.75 mm undercut with 2.0 mm thickness in VAL and EST and any amount of undercut with 1.5 and 2.0 mm thickness in REI resulted in excessively high retentive forces in all of clasps. In addition, a 2.0 mm thick clasp arm is considered to be excessively thick for use in most patients and results in discomfort and poor hygiene; therefore, a 1.0 mm clasp with an undercut greater than 0.5 mm is needed for VAL. Similarly, more than 0.25 mm undercut and 1.0 mm thickness, and 0.5 mm undercut and 0.5 mm thickness are required for EST and REI, respectively; thus, the recommended clasp arm thickness is 1.0 mm to 1.5 mm for VAL and EST, and 0.5 mm to 1.0 mm for REI when the width of the retentive arm is 5.0 mm.
Machi et al. 18, 19) reported that thermoplastic resins had greater impact resistance and much greater toughness than acrylic resins. However, REI clasps with 0.25 mm undercut and 0.5 mm thickness, 0.5 mm undercut and 0.5 mm thickness, and 0.75 mm undercut and any thickness failed at fewer than 6,000 cycles. To prevent clasp failure, 0.25 mm and 0.5 mm undercuts with more than 1.0 mm thickness would be better for REI clasp designs. No clasp failure was observed in any design of VAL up to 10,000 cycles. Similar to clinical situations all clasps of EST failed in the initial insertion/removal cycles. To decrease the clasp failure, the clasp with few undercut and thinner arm should be designed. In addition, the RPD should be fabricated and maintained so that the stress to the thermoplastic resin clasp was reduced.
The VAL clasp designs can be determined without any concerns about the clasp failure. After the use of a thermoplastic resin for a denture base was allowed by law in Japan, 14 thermoplastic resins were developed and became commercially available. These new products have never been examined in either basic or clinical research. Moreover, the disadvantages are as follows: 1) significant molding shrinkage 20) , 2) high water absorption 5, 21) , 3) discoloration 5) , 4) difficulty to polish 22) , and 5) lack of chemical bonding to the denture teeth and repair resin 1) . A flexible denture without metal components easily sinks vertically under occlusal forces because it lacks tooth support 8, 9) . Further basic research and long-term clinical observation are necessary to create clinical guidelines for successful nonmetal clasp denture rehabilitation.
CONCLUSIONS
The accuracy and retentive forces of three thermoplastic resin clasps made with polyethylene terephthalate (EST), polyamide (VAL), and polycarbonate (REI) were evaluated under simulating insertion/removal motion up to 10,000 cycles in vitro. Within the limitations of this study, the following conclusions could be obtained:
1. The elastic modulus and flexural strengths of REI were the highest among the three thermoplastic resins. VAL had significantly lower values in both flexural properties. 2. Greater gap distances were observed in the clasp shoulder than in the tip of the retentive clasp both before and after insertion/removal cycles. 3. REI showed greater initial retentive forces than EST and VAL. The retentive forces in the case of VAL clasp proportionally increased as undercuts were increased. 4. By insertion/removal motion, almost all EST clasps failed in any undercuts from less than 2,000 cycles, and REI clasps with a 0.75 mm undercut failed from 3,000 to 6,000 cycles; however, no failures were observed in VAL clasps up to 10,000 cycles. 5. Most VAL clasps maintained constant retentive forces or showed less than a 50% decrease; especially, a 0.75 mm undercut showed a slight decrease of the retentive force except at 2.0 mm thickness.
